Objective To determine morbidity and costs related to a large measles outbreak in Germany and to identify ways to improve the country's national measles elimination strategy. Methods We investigated a large outbreak of measles in the federal state of North Rhine-Westphalia (NRW) that occurred in 2006 after 2 years of low measles incidence (< 1 case per 100 000). WHO's clinical case definition was used, and surveillance data from 2006 and 2001 were compared. All cases notified in Duisburg, the most severely affected city, were contacted and interviewed or sent a questionnaire. Health-care provider costs were calculated using information on complications, hospitalization and physician consultations. Findings In NRW, 1749 cases were notified over a 48-week period. Compared with 2001, the distribution of cases shifted to older age groups (especially the 10-14 year group). Most cases (n = 614) occurred in Duisburg. Of these, 81% were interviewed; 15% were hospitalized and two died. Of the 464 for whom information was available, 80% were reported as unvaccinated. Common reasons for non-vaccination were parents either forgetting (36%) or rejecting (28%) vaccination. The average cost per measles case was estimated at €373. Conclusion An accumulation of non-immune individuals led to this outbreak. The shift in age distribution has implications for the effectiveness of measles control and the elimination strategy in place. Immediate nationwide school-based catch-up vaccination campaigns targeting older age groups are needed to close critical immunity gaps. Otherwise, the elimination of measles in Germany and thus in Europe by 2010 will not be feasible.
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Une traduction en français de ce résumé figure à la fin de l'article. Al final del artículo se facilita una traducción al español.
Further efforts needed to achieve measles elimination in Germany: results of an outbreak investigation Background Germany, with 82 million inhabitants, is committed to the WHO goal of eliminating indigenous measles transmission in the European Region by 2010. 1,2 WHO recommends that at least 95% of children receive two doses of a measlesvirus-containing vaccine (MVCV) -the first at 12 months of age and the second before school entry, 2 and that older children who are susceptible also be targeted for a two-dose vaccination.
2 A nationwide two-dose routine measles vaccination schedule was implemented in Germany in 1991. 3 Since 2001, the first dose has been recommended at 11-14 months and the second at 15-23 months of age.
3 Childhood vaccination is usually performed by paediatricians or general practitioners and is free of charge. Vaccinations are not mandatory in Germany, but status is routinely documented from vaccination cards presented at school entry examinations. In 2001, measles became a notifiable disease in Germany, which resulted in strengthened surveillance.
The number of measles cases notified in Germany decreased from 6037 in 2001 to a historical low of 122 in 2004. 4 In 2005, a resurgence was observed due to outbreaks in two states (776 cases). The highest attack rate occurred in children aged 1-4 years in Hesse and 5-9 years in Bavaria. 4 In 2006, a large outbreak occurred in the densely-populated state of North Rhine-Westphalia (NRW), with 18 million inhabitants. The epidemiological distribution of measles in Germany is a determinant of measles elimination in Europe because Germany has the largest population in the European Union; regions with high population densities; and geographic, economic and migrational characteristics conducive to measles importation and exportation. [4] [5] [6] In a school-based retrospective cohort study during the initial phase of the 2006 outbreak, we demonstrated a vaccine effectiveness of 98.1% in students with one MVCV dose and of 99.4% with two doses.
7 Low or diminishing vaccine effectiveness in older age groups was thus ruled out as an explanation for the outbreak. Here we describe the NRW outbreak in detail, present outbreak-related morbidity and costs in Duisburg (the most severely affected city in NRW), and identify areas for improvement in the national measles elimination strategy.
Methods

Case definition
A case was defined as a person with generalized maculopapular rash (³ 3 days), fever and either cough, coryza or conjunctivitis.
2 Cases that occurred less than one maximum incubation period (18 days) apart in the same city or district were considered to be epidemiologically linked and related to the outbreak.
Data collection
District public health offices routinely notify measles cases to the Robert Koch Institute (RKI) in Berlin via their state authority. We analysed data from all measles cases during the NRW outbreak and compared the age distribution of these cases with data from 2001. We compared district-level measles vaccination coverage at school entry from 1995 and 2005. 8 All notified patients in Duisburg were contacted to be interviewed with a standardized questionnaire that covered demographic characteristics, clinical symptoms, date of rash onset, measles vaccination status, reasons for nonvaccination, physician consultations and hospitalization, as well as contact details relevant for disease transmission. Interviews were conducted face to face during home visits or by telephone through staff from the district public health office, the state public health institute or the RKI. If at least three attempts to contact the patient by telephone failed, the questionnaire was mailed. Parents were interviewed if the patient was < 18 years old. By using the same identifier as for routine surveillance, it was possible to retrieve and analyse a minimum dataset on non-responders. All private physicians and hospitals in Duisburg named in the questionnaires were asked to provide information on antibiotic treatment and on the results of serological testing.
Laboratory investigations
The results of serologic tests for immunoglobulins M and G (IgM and IgG, respectively) specific to measles virus (MV) performed in local laboratories were obtained from hospitals and private physicians. In addition, serum samples were sent by district public health officers or private physicians to the National Reference Centre for Measles, Mumps and Rubella (NRC MMR), where they were tested for the presence of MV-specific IgM and IgG and MV ribonucleic acid (RNA).
9 MVspecific IgM and IgG in serum were determined by commercially-available enzyme immunoassays (Enzygnost, Dade Behring, Germany); MV RNA was detected in urine, throat swab and oral fluid using a nested reverse transcriptase polymerase chain reaction (RT-PCR) to amplify a highly conserved part of the MV nucleoprotein gene. Genotyping of MV was performed as previously described.
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Statistical analysis
Data were entered into EpiInfo, version 3.3.2, (Centers for Disease Control and Prevention, Atlanta, GA, United States of America) and analysed with SPSS, version 13.0, for Windows (SPSS Inc., Chicago, IL, USA). All cases that met the clinical case definition, except those with both negative PCR and serology results, were included in the final analysis. Proportions were compared using the c² test, and continuous variables with a non-parametric distribution were compared using the Mann-Whitney U test.
Health-care provider costs
The hospital where all encephalitis cases in Duisburg were treated provided information on hospitalization costs. These were calculated according to the measles-specific diagnosis-related groups (DRGs) used in Germany as a classification and remuneration system for hospitalized patients. 11 The costs for private physician consultations and serological testing were calculated according to the German Scale of Medical Fees, under the assumption that all physicians charged for a physical examination. We estimated the costs of antibiotic treatment using the price of a standard oral cephalosporin according to the German Red List Formulary. Outbreak-related costs for the district public health office included the salaries of employees assigned full time to outbreak-response tasks for the duration of the outbreak, costs for MVCV doses administered and costs for serological testing.
Results
A total of 1749 measles cases were notified in NRW with disease onset between the 2nd and 48th calendar weeks of 2006, with a maximum of 154 cases in week 14. The main cities affected were Duisburg (614 cases; incidence 122/100 000), Mönchengladbach (173; incidence 66/100 000) and Mülheim (87; incidence 51/10 000). In total, 51/54 (94%) districts in NRW reported measles cases.
The largest number of cases (n = 431) occurred among children aged 10-14 years. In comparison to 2001 data, the age distribution of cases shifted to older age groups, with the highest incidence increase among children 10-14 years of age (Fig. 1) . Despite the lower incidence in children less than 5 years ( Fig. 1) , the incidence among infants (i.e. children less than 1 year of age) was higher in 2006 than in 2001 (82 and 25/100 000 infants, respectively). 14 In 1995, one-dose MVCV-coverage at school entry ranged from 80% to 90% in 37 of 47 NRW districts for which data are available (including Duisburg). Only two districts had a coverage > 90%. In 2005, all but one district had a one-dose vaccination coverage of > 90%, and 23/54 (43%) had a coverage > 95%. 8 Coverage with two-dose MVCV was 74.7%. No differences in coverage were observed between districts with low (< 1/100 000) and high (> 10/100 000) measles incidence during the 2006 outbreak. 8 The vaccination status for 12% of the 182 245 children examined in 2005 was unknown.
Outbreak investigation in Duisburg
Outbreak description In 2006, 614 measles cases were notified in Duisburg between weeks 2 and 32. Of these, 499 (81%) were interviewed. Of 109 physicians contacted, 96 (88%) returned the questionnaire and provided further information on 381 (76%) interviewed cases. The two largest hospitals in Duisburg provided data on 88 (18%) interviewed patients who were either hospitalized or had been seen in an outpatient department. Serological testing of 154 (31%) patients in local laboratories revealed detectable measles-specific IgM titres, indicative of acute measles infection, in 147 (96%) cases. The NRC received clinical material from 25 interviewees, of whom 23 (92%) were positive for MV RNA. Serum was available for 14 of these patients, and IgM was detected in all sera. MV genotyping revealed genotype D6 in all 20 interviewees investigated. MV genotype D6 was confirmed in a further 10 of 11 additional PCR-positive samples from Duisburg patients who had either refused the interview (6 patients) or had not been notified to the local health office (5 patients).
The median age of interviewed patients in Duisburg was 11 years (range: 0-53 years), and 255 (51%) were male. Patients attended 24 kindergartens (49 cases), 40 elementary schools (87 cases) and 42 secondary schools (208 cases) in Duisburg. The largest clusters occurred at secondary schools, comprising 55 (the first case cluster) and 33 cases.
Non-responder analysis and estimate for underreporting
Compared with patients who were interviewed, the 115 patients not interviewed were more likely to be male (61% versus 50%; P = 0.045) and young (median age 7 years versus 11 years; P = 0.009). Among those not interviewed, 15.7% were hospitalized for a median duration of 4 days (total 82 days), compared with 15.0% of interviewed patients (P = 0.96). The diagnosis was confirmed by serum testing in 33 (29%) patients not interviewed; in 6 of these, genotyping revealed the D6 genotype.
An outbreak investigation with active case finding was conducted at one large Duisburg school (the first case cluster).
7 Of the 55 measles cases identified, 36 (65%) had been reported to the local health office.
Disease complications
All interviewed patients fulfilled the clinical case definition for measles. Otitis media was reported by 91 (19%) patients, pneumonia by 35 (7%), and encephalitis by three (0.6%), of whom two died. Measles-related complications were more common in younger children: otitis media (22% in infants, 21% in 1-14 year-olds, 10% in > 14 years; P = 0.008) and pneumonia (17% in infants, 7% in 1-14 years, 4% in > 14 years; P = 0.015). The two patients with encephalitis who died were aged 2 months and 2 years; the patient who survived was aged 19 years. Antibiotic treatment was reported in 32% (112 out of 353) of patients for whom information was available. Overall, 77 (15%) interviewed patients were hospitalized for a median duration of 6 hospitalization days (range 2-97) and a total of 693 days. The Duisburg outbreak resulted in 2854 school days missed (311 schoolchildren with measles) and 301 work days lost (30 employed adults with measles).
Vaccination status of cases
Of 464 patients for whom information was available, 373 (80%) were reported as unvaccinated, 62 (14%) as having received one MVCV dose and 29 (6%) as having received two doses. Seven patients or parents refused to answer this question, and 28 did not know the vaccination status. The proportion of unvaccinated patients was similar across age groups. Parents of 272 (73%) children stated the reasons for nonvaccination (Table 1) , the most common ones having been parents either forgetting about (36%) or being opposed to vaccination (28%). 
Outbreak response
One of the first responses to the outbreak in Duisburg was a public awareness campaign at the most seriously affected school during week 10. During week 14, an outbreak investigation was launched at the same school 7 and students were advised to consult the family doctor if fewer than two MVCV doses were recorded on their vaccination card. Local health authorities conducted a large awareness campaign with media support, recommending physician consultation for possible vaccination. No citywide vaccination campaign was launched, due to limited personnel at the district public health office and to the hope that transmission would stop during the Easter holiday (weeks 15-16). However, 3 weeks after the holiday, the number of measles cases again increased (Fig. 2) . In this second outbreak phase, the district health authority checked the vaccination cards of children at other affected schools and advised unvaccinated children to stay home for 14 days.
Health-care provider costs
Health-care provider costs for the 614 measles patients in Duisburg were estimated at €229 000 (Table 2) . Over half of them were incurred by the 95 hospitalized patients (cost per aver- age case: €1877), of whom one who had encephalitis received > 3 weeks of intensive care with artificial ventilation (cost: €35 623). The average cost per measles patient was €373. The cost for the district public health office was €89 400 and included costs for personnel (€85 000), MVCV (€2300) and serological testing of school teachers (€2100). Taking these costs into account, the average cost per measles patient would increase to €520.
Discussion
The 2006 measles outbreak in NRW must be regarded as a wake-up call. It illustrated the impact measles can have even in an industrialized country facing measles elimination -in the city of Duisburg two children died, 95 patients (including those not interviewed) were hospitalized for a total of 775 days and the financial costs were high. Although vaccination coverage of children at school entry has increased in Germany over the past decade, these data are only collected from children presenting their vaccination record. The proportion of unvaccinated children is probably higher among those not presenting their records; therefore, official coverage estimates are likely to be too optimistic.
7 Also, increasing vaccination coverage has led to a decrease in endemic MV circulation. Thus, fewer unvaccinated children have had contact with wild-type MV, with a resulting accumulation of susceptible adolescents at risk for outbreaks. Mathematical modelling has shown a clear threshold value for the fraction of susceptible individuals (approximately 4.3%) below which only minor outbreaks occur. 15 A shift in age distribution of measles cases towards older age groups has also been described in other countries. In the ongoing outbreak in Switzerland, 58% of the 1405 patients notified between November 2006 and 13 February 2008 were aged ³ 10 years. 16 In 2007, an outbreak occurred in Bavaria, Germany; of the 95 notified cases, 31% occurred in individuals ³ 20 years old and 97% occurred among unvaccinated individuals.
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Outbreaks affecting teenagers and young adults pose several challenges for control strategies because these individuals are highly mobile and have more social contacts beyond their school and family than young children. This explains why neither the 2-week Easter holiday nor prohibiting unvaccinated students from attending affected schools were sufficient to stop the outbreak. Despite well publicized advice to the population to check and update their vaccination status, the outbreak lasted > 30 weeks. Due to logistics and failure by health authorities to realize the magnitude and impact of the outbreak, further control measures were not implemented. WHO does not recommend supplementary immunization activities during outbreaks but makes an exception if these are in closed communities or institutions.
18 A report from Africa showed that mass vaccination campaigns could slow down epidemic spread even in urban settings. 19 The timely closure of immunization gaps at schools affected initially and among unvaccinated siblings at home might have prevented a significant number of cases. As an additional measure, unvaccinated contacts of cases should be confined to their homes for the duration of the incubation period to prevent further transmission, even if they received postexposure vaccination. Such a policy has been implemented in the federal state of Lower Saxony. 20 This study is limited by the fact that the assessment of the cases' vaccination status was based on parental or patient report rather than on examination of the vaccination record. However, vaccination coverage was similar to that found in an investigation of the Duisburg school, where 83% of measles cases with vaccination cards had never been vaccinated. 7 Parental forgetfulness, followed by rejection of vaccination, was the most common reason given for non-vaccination. This suggests that a community-wide reminder, recall, and outreach system might improve vaccination coverage, as has been shown in other settings. 21 It is worrisome that 17% of parents of unvaccinated cases claimed physicians had advised against vaccination without a clear contraindication. These data must be interpreted cautiously, as they are based solely on parental reporting, but they suggest a possible need for better education of physicians. Introduction of mandatory vaccination or the imposition of sanctions on families with unvaccinated children (as suggested by other authors 22 ) is likely to be legally and culturally unacceptable in Germany. However, this should not serve as an excuse for not being able to eliminate measles by 2010 because other measures can also significantly increase vaccination coverage. Requiring a physicians' certification of adequate vaccination status upon entry into day care is one example that was implemented by the German state of Schleswig-Holstein in 2000 and that could be applied in other states. 23 Immunization coverage can also be increased by providing incentive payments to private practitioners to immunize children; this was successfully implemented in Australia, which also provided immunization-linked incentive payments for lower-income parents. 24 The possibility of linking the rather extensive maternity and parental payments in Germany to immunization status should be considered. Changes in measles epidemiology similar to those observed in NRW occurred in the American continent 20 years ago and inspired the development of successful elimination strategies, including catch-up and follow-up vaccination campaigns. 29, 30 At present, Germany has no comprehensive strategy to close immunity gaps, which should include catch-up vaccination campaigns in specific age groups, as recommended by WHO. 18 The grave consequences of the 2006 outbreak led to a school-based vaccination campaign among older children in NRW. 31 An evaluation of vaccine uptake is under way. In Germany, outbreak-response efforts and vaccination campaigns have often been limited to awareness campaigns and recommendations due to logistic constraints and the reluctance of the public health service to impinge on personal autonomy. This limited approach proved insufficient in the NRW outbreak. To eliminate measles from Germany and Europe by 2010, stringent measles-control measures will be needed, and they should include high levels of routine coverage with two doses of measles vaccine, vaccination 
Resumen
Se requerirá un mayor esfuerzo para eliminar el sarampión en Alemania: resultados de la investigación de un brote
Objetivo Determinar la morbilidad y los costos asociados a un extenso brote de sarampión declarado en Alemania e identificar la manera de mejorar la estrategia nacional aplicada en ese país para eliminar dicha enfermedad. Métodos Investigamos un extenso brote de sarampión que se produjo en el estado federal de Renania del Norte-Westfalia (RNW) en 2006 tras dos años de baja incidencia de sarampión (< 1 caso por 100 000 habitantes). Usando la definición de caso clínico de la OMS, se compararon los datos de vigilancia de 2006 y 2001. Se estableció contacto con todos los casos notificados en Duisburgo, la ciudad más gravemente afectada, a los que se entrevistó o se envió un cuestionario. Los costos de la dispensación de salud se calcularon a partir de diversos datos sobre las complicaciones, las hospitalizaciones y las consultas al médico.
Resultados En RNW se notificaron 1749 casos a lo largo de un periodo de 48 semanas. En comparación con 2001, la distribución de los casos se desplazó hacia los grupos de más edad (especialmente hacia el grupo de 10-14 años). La mayoría de los casos (n = 614) se dieron en Duisburgo. De ellos, un 81% fueron entrevistados, un 15% fueron hospitalizados y dos fallecieron. De los 464 respecto a los que se disponía de información, el 80% no habían sido vacunados. Las razones más frecuentes de que no se hubiera vacunado a los niños es que los padres habían olvidado hacerlo (36%) o rechazaban la vacunación (28%). El costo medio por caso de sarampión se estimó en 373 euros. Conclusión La acumulación de individuos no inmunizados es lo que provocó la aparición de este brote. El desplazamiento de la distribución de edades tiene implicaciones en lo tocante a la eficacia del control del sarampión y la estrategia de eliminación aplicada. A fin de cerrar la crítica brecha de inmunidad aparecida, es preciso emprender de inmediato en todo el país campañas de vacunación escolar de puesta al día centradas en los grupos de más edad. De lo contrario, no será posible eliminar el sarampión en Alemania, y por tanto en Europa, para 2010.
